In this paper, the effect of viscous wave motion on a micro rotational resonator is discussed. This work shows the inadaquacy of developing theory to represent energy losses due to shear motion in air. Existing theory predicts Newtonian losses with little slip at the interface. Nevertheless, experiments showed less effect due to Newtonian losses and elevated levels of slip for small gaps. Values of damping were much less than expected.
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I ntroduction
In many micromechanical devices, a significant amount of energy is lost due to fluid damping. This can hinder the performance of the device by requiring larger amounts of power, reduced sensitivity, slow structural response, or reduced Q.
These losses are often classified into two categoriessqueeze-film damping and damping due to lateral oscillations.
Squeeze-film damping occurs when a fluid is pressed between two surfaces. This pressing produces fluid motion that gives rise to viscous flow and energy loss. This category of energy loss has been well studied using both numerical and closed form analysis, and therefore, will not be discussed here.
Damping due to lateral oscillations occurs due to the shearing of fluid and is far less studied. Y. Cho et al. [1, 2] showed that a viscous wave approach can be used to describe this type of energy loss. They produced enhanced predictions of damping in a vibrating comb drive by coupling the motion of the drive to a viscous wave solution. Wenzel [3] also used this type of approach to account for energy losses in a flexural plate wave sensor operating below coincidence. Neglecting edge effects, Wenzel solved for the coupling between the plate and fluid in closed form. Dohner [4] expanded upon Wenzel's analytical work by including edge effects. He was able to show that a fluidstructure resonance occurs near to coincidence. This resonance can draw enough energy from the plate as to render a sensor nonfunctional. Nevertheless, Dohner did not include the effect of slip conditions.
In the following, a wave approach will be used to determine energy losses from a vibrating disk. Theory will be derived and experiments performed to determine if the damped response of the disk can be predicted using existing theory. It will be shown that this theory is inadequate to describe the response of the disk as the gap between the disk and the substrate is reduced.
To understand the effects of viscous wave propagation on surface micro-machined devices, test structures were manufactured using SUMMiT VTM technology [5] . Table 1 in the Appendix. Two micro disk were considered -one with a gap of 10.5prn and the other with a gap of 2.0um.
"
The Figure 1 device was modeled by analyzing the forces on the disk due to the stiffness, inertia, and viscosity. The spring was modeled using Castigliano's theorem; inertia was modeled using the conservation of momentum; and viscous forces on the top and bottom of the disk were modeled using wave theory. Component models were then combined to construct the equation of motion for the device. Figure 2 is an illustration of the center line of the spring, r , ( e ) . Using Castigliano's theorem [7] , a closed from solution for the stiffness of the spring was determined. This theorem states that if F, is a force applied to the end of the spring and us is a collocated displacement, then dU dF,
Spring Stiffness
where U is the total energy within the spring. Assuming that the majority of the energy within the spring is stored in bending,
where M is the moment at any rc(0), and where K is the collocated linear stiffness of the spring. If T, is the torque that spring exerts on the disk, then (5c)
where K is the torsional stiffness of the spring.
Inertia
Using standard methods, the torque on the disk, Td, due to inertial effects can be found as
Continuum Assumption and Boundary Conditions
In this paper, it is assumed that the fluid is air. Since the mean free path of air at standard conditions is h = 0.06pm [SI, 175 mean f?ee paths exist between the disk and substrate of a device with g = 10.5pm and 33 mean free paths exist between the disk and substrate of a device with a gap of 2.0pm. Moreover, the shear velocity in air
are 5123 mean free paths. Therefore, the assumption of air being a continuum is reasonable for frequencies at below f = lOOOHz and geometries discussed here.
Boundary conditions are dependent upon the Knudsen number, Kn , which is equal to the mean h e path over a characteristic distance [8, 9] . For flat parallel plates, the characteristic distance is g . For g = 10.5pm, Kn = 0.0057 which is in the no slip region. For g = 2.Opm , Kn = 0.03 which is in the slip range.
Therefore, slip boundary conditions must be considered. 
g=2.0pm,
As can be seen from this example, existing theory states that the slip condition is important, but not dominant. For this example, the variation in boundary conditions with and without this condition is less than 5%. Nevertheless, as will be shown later, just the opposite is true. The slip condition dominates the response.
Fluid Loading on the Top of the Disk
The interaction of waves on top of the disk is complex. In this section, we will develop a closed form solution for fluid loading on the top of the disk using a wave approach. 
Fluid Loading on the Bottom of the Disk
If g is much smaller than the shear wavelength, then the velocity field varies almost linearly across the gap. Assuming a linear velocity distribution, the incremental force on the disk is given by If g is large, the wave solution must be solved for within the gap. This is performed by returning to equations 13a,b and including wave effects in the positive and negative axial z directions. These equations take the form 
Free Response of the Disk in Fluid
The free response of the Figure 1 device can be found by forming a rational model, applying initial conditions, and simulating. Combining equations 6b, 7, 8b, and 15 b gives
_ -
With the aid of an inverse Discrete Fourier Transform [16] and curve fitting techniques, the state space representation can be found as = A.k+BT (224 e = c i .
(22b) The free response of the disk for g = 10.5pm is shown in Figure 5a shown in Figure 5b , had a damping ratio of U . I .
Experimental Analysis
Experimental analysis was performed to validate the above damping model.
Devices were manufactured using S U M -
MiT VTM technology [5] and testing was performed in air at room temperature and pressure.
By using a micro probe to move the disk to a desired angular location (i.e. 4 5 ' ) and releasing the disk by lifting up on the probe, the free response of the disk could be measured on a high speed camera (see Figure 6 ). Experimental results are shown in Figure  5a and b. These results show that both the 10.5 and 2.Oprn devices had resonate frequencies around 200Hz, and surprisingly, both had damping ratios of about 0.1. The response of the device with a 10.5prn gap and that with a 2.0prn gap were almost the same.
To confirm that this was not an error in the measurement process or design, the poly layers of the two devices were rechecked, and the coating on the structure reexamined. The polylayers designs were confirmed to be correct and the structure was CO, dried. Therefore, no coatings existed on the surface that could alter damping. To confirm that residual stress was not producing variations in the gap, laser interferometry, SEM, and atomic force microscopy were used. As verified by laser interferometry, little variation in the static deflection of the structure occurred. Less than 0.5 prn of static deflection occurred in the 2 prn device and less than 1.Oprn of static deflection occurred in the 10.5pm device. Moreover, using atomic force microscopy and a SEM, the gap ure 6: Light photo of resonator during free response, the probe (on left) 11 of 15 is used betweenthe top ofthe diskand the substrate was confmed to be correct. As a further validation that the experiments were performed correctly, they were repeated for different devices on different modules. The results were the same.
Tests were also performed in vacuum and under pressure (see Figure 7a) . The effect of a pressure change was to alter the mean free path of the air. In Figure 7b plots of these results are shown. An increase in pressure did little to alter the response ofthe disk. Nevertheless, as the pressure was dropped to a vacuum, the response became very lightly damped as expected.
Conclusions
As shown above, results did not match theory. From existing theory [8,9], the zero velocity condition at the wall should have been nearly valid. The Knudsen number ( K n ) for the 2.0pm device was 0.03 which places the fluid in the Newtonian region with small slip. The Knudsen number ofthe 10.5prn device was 0.0057 which places the fluid in the zero slip region. Therefore, existing theory states that the fluid should have been able to be treated as Newtonian with little slip at the walls. Nevertheless, the opposite was true.
If existing theory is wrong and a strong slip condition existed at the wall, these results could be better explained. The slip condition would dominate the force on the plate and therefore, the response would not be a function of the gap. As shown in Figure 8 , two devices, similar in every respect except the gap, would have similar responses. The problem with this explanation is that the accommodation coefficient would have to be much smaller. As was stated earlier, this coefficient is usually between 0.2 and 0.8. Nevertheless, as shown in Figure 8 , an accommodation coefficient of 0.01, comes close to mea- sured data. An accomodation coefficient of this size would imply that little molecular energy is lost when an air molecule strikes the wall.
The present research points to the fact that existing theory for air damping in micro devices is incomplete. Further research is needed to better understand what is happening at the surface of these devices. This could have significant impact in reducing the losses in MEMS.
R e f e re n ces dissipation in laterally oscillating planar microstructures. 
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